In this study, target compounds 5-12 were synthesized via acid amine coupling of ibuprofen and naproxen with methyl ester derivatives of amino acids, namely, l-proline, sarcosine, l-tyrosine, and l-glutamic acid. When tested for anti-inflammatory activity using the acute carrageenan-induced hind paw method in rats, compounds 5-12 showed significantly greater anti-inflammatory activity, in the range of 40.64%-87.82%, compared with a placebo control group (P , 0.001). Among the newly synthesized compounds 5-12, naproxen derivatives 9-12 with anti-inflammatory activity ranging between 66.99% and 87.82% showed significantly higher (P , 0.05) potency than ibuprofen derivatives 5-8 with inhibition in the range of 22.03%-52.91% and control groups of ibuprofen (76.34%) or naproxen (75.59%, P , 0.05). Moreover, derivatives 9-12 derived from naproxen, in particular compounds 9 and 10 which achieved 83.91% and 87.82% inhibition of inflammation, respectively, showed significantly (P , 0.05) higher potency than naproxen derivatives 11 and 12. Notably, among naproxen derivatives 9-12, the gastric ulcerogenicity for 9 (ulcer index 11.73) and 10 (ulcer index 12.30) was found to be significantly lower (P , 0.05) than that of the active ibuprofen and naproxen control groups with ulcer indices of 22.87 and 24.13, respectively. On the other hand, naproxen derivatives 9-11 showed significant inhibition (P , 0.05) of prostaglandin E 2 synthesis when compared with the active control group receiving indomethacin, suggesting a correlation between the observed low ulcerogenicity and effect on prostaglandin E 2 synthesis for compounds 9 and 10. However, significant inhibition of prostaglandin E 2 observed for naproxen derivative 11 (107.51) did not correlate with its observed ulcer index (16.84). Our overall findings for carbamoylmethyl ester derivatives named 5-12 clearly suggest that the compounds showing potent antiinflammatory effect.
Introduction
Ibuprofen and naproxen are well known nonsteroidal anti-inflammatory drugs (NSAIDs) belonging to the family of propionic acid derivatives. They often cause upper gastrointestinal damage, including lesions, peptic ulcers, bleeding, and perforation which are attributed to the presence of a free carboxylic acid group responsible for local irritation and ulceration of the gastrointestinal mucosa and local blockade of prostaglandin biosynthesis. 1 NSAIDs belonging to the propionic acid class have greater selectivity for inhibition of constitutively expressed cytoprotective cyclo-oxygenase 1 than inducible cyclo-oxygenase 2, so long-term therapy with nonselective NSAIDs may cause gastrointestinal complications, ranging from stomach irritation to life-threatening gastrointestinal ulceration and bleeding. [2] [3] [4] [5] Mounting evidence has suggested that structural modification, especially esterification, of the free carboxylic moiety of representative NSAIDs maintains anti-inflammatory activity and a reduced potential for ulcerogenicity. [6] [7] [8] [9] [10] [11] Prompted by these observations and applying previously described efficient chemical procedures, we report herein the synthesis of novel carbamoyl derivatives 5-12 containing various amide-linked amino acid methyl esters. 12 To achieve the desired target compounds 5-12, the carboxylic acid moieties of ibuprofen and naproxen were reacted with methyl ester derivatives of amino acids, including l-proline, sarcosine, l-tyrosine, and l-glutamic acid, in the presence of thionyl chloride and benzotriazole. Because of their nontoxicity, varying degrees of lipophilicity, and lower incidence of side effects, the amino acid group was chosen especially for amidation to mask the free carboxylic acid group of ibuprofen and naproxen. [13] [14] [15] [16] [17] The newly synthesized compounds 5-12 were screened for anti-inflammatory and ulcerogenic properties, and their ability to inhibit prostaglandin E 2 synthesis.
Materials and methods general
The melting points are uncorrected and were determined in open capillaries using Buechi 512 Dr Tottoli apparatus. 1 H-NMR spectra were recorded on a WC 300 spectrometer (Bruker, Billerica, MA, USA) with tetramethylsilane as the internal standard. Chemical shifts are reported in ppm downfield from internal tetramethylsilane used as the reference. 1 H-NMR signals are reported in order: multiplicity (s, single; d, doublet; t, triplet; dt, doublet of triplet; q, quantet; m, multiplet), number of protons, and approximate coupling constants in Hz. 13 C-NMR spectra were recorded on a DPX 400 Avance (75 mHz) instrument (Bruker). Chemical shifts are reported in ppm downfield from internal tetramethylsilane used as the reference. Elemental analyses were performed on 240B and 240C instruments (Perkin-Elmer, Boston, MA, USA). Analyses (C, H, N) indicated by the symbols of elements were within ±0.4% of the theoretical values. Chromatographic separations were done using a Chromatotron model 7924 (Harrison Research, Union, NJ, USA) with 4 mm layers of silica gel 60 PF containing gypsum (Merck, Whitehouse Station, NJ, USA). Electron ionization mass spectra were recorded using a Finnigan MAT CH7A (70 eV), a Finnigan MAT 711 (80 eV), or a Kratos MS 25 RF (70 eV) Shimadzu, Japan. + FAB-MS spectra were recorded on a Finnigan MAT CH5DF instrument (Thermo Fischer Scientific, MA, USA) (xenon, dimethyl sulfoxide/glycerol).
Preparation of benzotriazole-activated ibuprofen and naproxen 3 and 4
Thionyl chloride (2.64 mmol) was added to a solution of 1H-benzotriazole (8.7 mmol) in dry CH 2 Cl 2 (60 mL) at room temperature and the reaction was stirred for 20 minutes. Ibuprofen (1) (2.2 mmol) or naproxen (2) (2.2 mmol) were added and the mixtures were stirred for 4 hours at room temperature. The white precipitate formed was filtered off and the filtrate was concentrated under reduced pressure. Each residue was diluted with 50 mL of ethyl acetate and each solution was washed with 4 N HCl (3 × 15 mL) and dried over MgSO 4 . Removal of the solvent under reduced pressure gave products 3 and 4, which were recrystallized from hexanes to give 3 and 4 as pure products. 
Preparation of ibuprofen and naproxen containing derivatives 5-12
The appropriate benzotriazole 3 and 4 (0.65 mmol) was added to a 0.65 mmol solution of amino acid methyl ester in acetonitrile in the presence of triethylamine (1.8 mmol).
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Each reaction mixture was stirred at room temperature for 6-24 hours, and completion of the reaction was checked by thin layer chromatography using ethyl acetate-hexane (1:1) as an eluting solvent. Finally, the reaction was quenched by addition of water (10 mL), and the organic compound was extracted with ethyl acetate (3 × 20 mL). The organic layer was washed with brine (3 × 20 mL), dried over anhydrous Na 2 SO 4 , and concentrated in a vacuum. Purification was done by rotary chromatography using silica gel 60 PF containing gypsum and ethyl acetate-hexane as an eluting solvent to yield racemic products 5-12. 
Methyl
Methyl-3-(4-hydroxyphenyl)-2-(2-[4-isobutylphenyl] propanamido)propanoate (7)
Yield 54%, melting point 133°C-134°C (56-58°C for S(+)-Dexibuprofen derivatie) 23 ; IR (KBr): ν(cm-1) 1734 (ester), 1668 (amide); 
Pharmacology
Male Wistar rats weighing 170-200 g (five per group) were used for the in vivo anti-inflammatory and ulcerogenicity studies. Age-matched controls (n = 5) were used for each test group. The animals were housed in groups of five per cage under standard temperature, humidity, and laboratory conditions. All experimental procedures were carried out according to standard guidelines and were approved by the Institutional Animal Ethics Committee of the Faculty of Medicine and Health Sciences/United Arab Emirates University (A7-13).
Anti-inflammatory activity
The anti-inflammatory activity of the study compounds was determined in vivo using the standard acute carrageenaninduced paw edema method in rats. [18] [19] [20] 23 Male Wistar rats weighing 170-200 g were randomly divided into 11 groups of five animals each. The reference compounds ibuprofen (50 mg/kg, 0.242 mmol/kg) and naproxen (50 mg/kg, 0.271 mmol/kg), as well as the study compounds (5-8 at 0.242 mmol/kg and 9-12 at 0.271 mmol/kg) dissolved in dimethyl sulfoxide (1.5%), were administered intraperitoneally, while the placebo control group received only dimethyl sulfoxide (1.5%) one hour before induction of inflammation. Carrageenan paw edema was induced by subcutaneous injection of a 1% solution of carrageenan in saline (0.1 mL per rat) into the right hind paw. Paw volumes were measured volumetrically after 4 hours using a plethysmometer (7140, Ugo Basile, Comerio VA, Italy) and compared with the initial hind paw volume of each rat for determining the edema volume. Anti-inflammatory activity was expressed as mean swelling volume ± standard error of the mean (SEM) and mean ± SEM percentage inhibition of edema in treated animals in comparison with the active control group ( Figure 1A 
Ulcerogenicity
The ulcerogenic index was determined in male Wistar rats following a previously reported standard method. 20, 21 Rats weighing 170-200 g were divided into seven groups of five animals each. The animals were fasted for 18 hours before drug administration. The reference drug naproxen (50 mg/kg, 0.271 mmol/kg) and the test compounds (9-12 at 0.271 mmol/kg) were suspended in saline solution with the help of a few drops of Tween ® 80 and administered orally for three successive days to the fasted rats. Animals in the placebo control group were given saline with a few drops of Tween 80. One hour after the final dose, the animals were sacrificed by cervical dislocation and their stomachs were excised, opened along the greater curvature, and rinsed with chilled saline. The gastric mucosa was examined for the presence of microscopic lesions and erosions. The ulcer index was determined by measuring the length (in millimeters) of submit your manuscript | www.dovepress.com Dovepress Dovepress the individual lesions in the mucosa using Vernier calipers, and the sum of lengths of all lesions in each stomach was regarded as the ulcer index.
Measurement of prostaglandin E 2 levels
Measurement of prostaglandin E 2 levels was done using the previously described standard 6-day air pouch method for rats. 22, 24 Male Wistar rats weighing 170-200 g were divided into six groups of five animals each. The air pouch was induced as follows: on the first day of the experiment, 20 mL of air was injected subcutaneously in the back of each rat. Two days later, another 10 mL of air was injected at the same site. On the fifth day after the first injection, a further 10 mL of air was injected into the pouch. One day later and one hour before injecting the pouch with carrageenan (2 mL of 1% solution in saline), four groups of animals were treated orally with the test compounds 9-12 at a dose of 0.271 mmol/kg body weight, one group with the reference drug indomethacin (active control group, 10 mg/kg body weight, 0.028 mmol/kg) suspended in saline solution with the aid of a few drops of Tween 80, and the last group with sterile saline (placebo control group). All injections were conducted under light ether anesthesia. Six hours after injection of carrageenan, the animals were lightly anesthetized with ether and the contents of the pouch were aspirated using a Pasteur pipette and transferred into graduated plastic tubes kept in ice. The bulk of the exudates was frozen and stored at −20°C until required for prostaglandin E 2 assay. Prostaglandin E 2 was measured using an enzyme-linked autoimmune assay (Beckman Biomek™ 1000 Automated Laboratory Workstation apparatus, Fullerton, CA, USA) technique using a prostaglandin E 2 assay kit and the reference drug (indomethacin) according to the manufacturer's specifications (Figure 2 ).
Acute toxicity
At the end of the experiments, all animals used in the antiinflammatory study were observed closely for 48 hours. No morbidity or mortality was documented.
Data analysis
The results are expressed as the mean ± SEM per group. The statistical signif icance of differences between groups was determined by one-way analysis of variance followed by Dunnett's test. SigmaStat software was used to determine statistical significance. A probability (P) value of less than 0.05 was considered to be statistically significant. 
Results
Chemistry
The carboxylic acid moiety of the parent compounds ibuprofen (1) and naproxen (2) was activated by reaction with thionyl chloride and benzotriazole at room temperature to yield the intermediate benzotriazoles 3 and 4, respectively ( Figure 3 ). The reaction of 3 and 4 with the corresponding amino acid methyl esters in acetonitrile in the presence of triethylamine successfully afforded good yields (79%-89%) of the ibuprofen derivatives 5-8 and naproxen derivatives 9-12, respectively (Figures 4 and 5) . Chemical structures of all the newly developed compounds (5-12) were established through spectroscopic (infrared, 1 H-NMR, 13 C-NMR, mass spectrometry) as well as elemental analysis data.
Pharmacology
When subjected to anti-inflammatory activity, compounds 5-12 showed significantly higher anti-inflammatory activity in the range of 40.64%-87.82% when compared with the placebo control group. Among all the newly synthesized compounds 5-12, the naproxen derivatives 9-12 with anti-inflammatory activity ranging between 66.99% and 87.82% were found to be significantly more potent than their corresponding ibuprofen derivatives 5-8 with inhibition in the range of 22.03%-52.91%. Moreover, the anti-inflammatory activity measured for derivatives derived from naproxen (compounds 9-12) were significantly more potent than the control groups of ibuprofen (76.34%) or naproxen (75.59%). Noticeably, within the current series of derivatives derived from naproxen (9-12), especially 9 and 10, with respective 83.91% and 87.82% inhibition of inflammation, exhibited significantly higher potency than those of 11 and 12 (P , 0.05).
Furthermore, the gastric ulcerogenicity for naproxen derivatives 9 (ulcer index 11.73) and 10 (ulcer index 12.30) was found to be significantly lower than that of the ibuprofen and naproxen control groups which had ulcer indices of 22.87 and 24.13, respectively. Conversely, both naproxen derivatives (9 and 10) failed to show significant inhibition of 
Discussion Chemistry
Having free carboxylic acid moieties, ibuprofen and naproxen were modified into various carbamoylmethyl esters (5-12) using different aliphatic as well as aromatic amino acid methyl esters, which resulted in masking of the carboxylic acid moiety. The infrared spectra of compounds 5-12 revealed the presence of a strong band at ν = 1668 assignable to their carbonyl amide function, in addition to an amidic NH stretching vibration band at ν = 3332-3340. The 1 H-NMR spectra of compounds 7-8 and 11-12 revealed the presence of an amidic -NH group as a sharp singlet signal at δ = 6.67, whereas the 1 H-NMR spectra of 5 and 9 revealed 
Pharmacology
From the results obtained, it appears that animals pretreated with ibuprofen derivatives 5-8 were significantly protected against inflammation (23.3%-52.9% inhibition of edema) as compared with the placebo control group, but the antiinflammatory effects observed for compounds 5-8 were significantly lower in comparison with those of the control groups ibuprofen-treated (P , 0.05), naproxen-treated (P , 0.05) control group, as well as naproxen derivatives (P , 0.05) (Figure 4) Among the derivatives (compounds 5-12) investigated in the current study, our findings clearly suggest that structural modification via amidation of the carboxylic acid moiety of the parent compound naproxen (9-12) showed more potent antiinflammatory effect than derivatives derived from ibuprofen. Moreover, our results show that chemical modification of naproxen, especially with small-sized amino acid esters, as achieved in derivatives 9 (83.91%) and 10 (87.82%) potently and significantly elevate their anti-inflammatory activity within the series of naproxen derivatives 9-12 as compared with the control of the naproxen group (76.34%, P , 0.05). In contrast, naproxen when modified through bulkier aromatic substitution, eg, the l-tyrosine methyl ester moiety present in compound 11, or even an aliphatic elongation of the amino acid ester side chain as found in compound 12, negatively affected the anti-inflammatory activity measured for compounds 11 and 12 ( Figure 1) . Furthermore, the ulcerogenic indices for the naproxen derivatives 9-12 with more promising anti-inflammatory potencies were studied in rats (Table 1) . From the data observed, it is concluded that rats pretreated with test compounds 9 and 10 had significantly less ulcerogenic potential (ulcer indices of 11.73 and 12.30, respectively) than that of the control groups pretreated with ibuprofen or naproxen (ulcer indices of 22.87 and 24.13, respectively, P , 0.05).
On the other hand, inhibition of prostaglandin E 2 synthesis determined for naproxen derivatives 9-12 showed that compounds 9 and 10 had significantly reduced (P , 0.05) prostaglandin E 2 levels compared with the control groups pretreated with the reference drug indomethacin (97.97 pg/mL, Figure 2 ). In contrast, naproxen derivatives 11 and 12 were found to show a significant decrease in prostaglandin E 2 levels (P , 0.05) when compared with the placebo control group, but failed to exert significantly higher inhibition when compared with the control groups pretreated with the reference compound, indomethacin, or their structurally related naproxen derivatives 9 and 10 ( Figure 2 ).
Conclusion
Our results show that naproxen derivatives 9-12 had better anti-inflammatory activity compared with their corresponding ibuprofen derivatives 5-8 when ibuprofen and naproxen were used as the reference drugs. The concept of a relationship between type of chemical substitution and anti-inflammatory activity has been clarified in the present study. It can be seen clearly that amidation of the carboxylic acid moiety of naproxen with small-sized amino acid methyl esters led to a significant increase in the anti-inflammatory activity observed in the newly developed compounds, 9 and 10. However, bulkier aromatic substitution, eg, l-tyrosine methyl ester moiety as in naproxen derivative 11, or even an aliphatic elongation of the amino acid ester side chain found in 12, negatively influenced the anti-inflammatory activity measured in the current study. On the other hand, the anti-inflammatory results revealed remarkable activity for naproxen derivatives 9 and 10, which correlate largely with the results observed for inhibition of prostaglandin E 2 synthesis.
These distinct characteristics, especially for compounds 9 and 10, with high anti-inflammatory activity, low ulcerogenicity, and potent inhibitory action on prostaglandin E 2 synthesis make the newly developed derivatives, especially those derived from naproxen, potentially interesting for future structural optimization and pharmacological investigation of their ability to inhibit cyclo-oxygenase enzymes 1 and 2, given that gastric toxicity of NSAIDs is linked closely to the ability of these drugs to inhibit prostaglandin synthesis, with both cyclo-oxygenase 1 and 2 contributing significantly to mucosal defense and repair. 25, 26 It would also be worth performing Significantly different from control values of ibuprofen and naproxen, respectively (P , 0.05). Abbreviation: SEM, standard error of the mean.
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further assays in appropriate cell lines to confirm that these new compounds do not have intrinsic cytotoxicity.
